Abstract:
Introduction
The investigation of highly sensitive and selective molecular sensory materials for ions has become a growing field of research with the advent of supramolecular chemistry [1, 2] . Specific ion detection performed using optically and electrochemically active supramolecules has received considerable attention in the area of chemical sensors (chemosensors) in recent years. Chemosensors which are composed of a receptor unit and a signaling unit have become useful molecules that bind selectively and reversibly with an analyte with a concomitant change in one or more properties of the system, such as color, enhancement or inhibition of absorbance or fluorescence, or redox potentials [1, 3, 4] . Among different types of chemosensors, chromogenic chemosensors are especially interesting for ion determination. When a selective interaction occurs between a chromogenic chemosensor and an ion, a distinctive color change arises which provides simple naked-eye readout without use of expensive equipment [5, 6] .
Many macrocyclic systems such as cyclodextrin [7] , calixarene [8] , calixcrown [9] , and crown ether [10] have been developed for the improvement of effective chemosensors to detect metal ions. Calixarenes are one of the highly selective macrocyclic scaffolds used for detection of metal ions. The structural properties of calixarenes, such as their macrocyclic cores and easily organizability into a number of topographies, give them the capacity for selective detection of metal ions [11] . Additionally, they can be selectively functionalized at their upper and lower rims for different analytes. In this view, calixarenes functionalized by chromophoric azo groups (-N=N-), known as azocalixarenes, and have been extensively studied in selective colorimetric detection of metal ions [11] [12] [13] [14] .
Magnesium is one of the most needed abundant elements in the human body. It plays important roles 
Experimental procedure

Chemicals and apparatus
Unless otherwise noted, chemicals were obtained from global suppliers (Merck or Aldrich) and were used without further purification. Solvents were of HPLC or analytical grade and they were dried with molecular sieves (3 Å). H NMR spectra were recorded on a Varian 400 NMR spectrometer. Chemical shifts were measured in relation to the internal reference, tetramethylsilane (TMS).
The melting point was recorded on an EZ Melt-MPA120 capillary apparatus. Infrared measurements were performed on a Perkin Elmer 100 FT-IR spectrometer. UV-vis absorbance spectra were obtained on a Shimadzu UV-1800 double beam spectrophotometer. Electrochemical measurements were performed with a PAR 263/A2 (Princeton Applied Research, USA) potentiostat/galvanostat combined with a BAS C3 electrochemical cell stand. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) data were recorded in a glass cell including a conventional threeelectrode configuration in CH 3 CN (acetonitrile) with 0.1 M tetrabutylammonium perchlorate (TBAP, Aldrich) as the supporting electrolyte. A glassy carbon electrode (GCE) with a surface diameter of 2 mm was used as the working electrode with a platinum wire as the counter electrode. In all cases, Ag/Ag + (0.1 M) in CH 3 CN was used as the reference electrode and standardized by the redox couple ferrocenium/ferrocene. Prior to each experiment, GCE was polished with 1.0, 0.3 and 0.05 µm alumina powder (PACE Technologies, USA). Residual alumina particles were removed by an ultrasonic cleaner (Sonorex Super RK 106, Germany) in ethanol. The electrode was dried and washed with pure CH 3 CN before use. The other electrodes were cleaned by wellestablished methods. To avoid undesired effects, the electrochemical cell setup was freshly prepared before each experiment. The electrochemical measurements (CV and DPV) were recorded anodically at a potential range of 0.0 to 2.0 V. All experiments were carried out at room temperature.
Synthesis of Chemosensor (APC4)
Te t r a k i s [ ( a c e t o p h e n o n e ) a z o ] -2 5 , 2 6 , 2 7 , 2 8 -tetrahydroxycalix[4]arene (APC4) was synthesized according to the following procedure, as given in Scheme 1. A solution of diazonium chloride prepared from 4-aminoacetophenone (0.324 g, 2.4 mmol), sodium nitrite (0.165 g, 2.4 mmol) and concentrated HCl (1.68 mL) in water (6 mL) was added slowly into a cold (5 o C) solution of calix[4]arene (0.1 g, 0.24 mmol) and sodium hydroxide (0.192 g, 4.8 mmol) in MeOH-DMF (13 mL, 5:8, v/v) to give a yellow suspension. After allowing it to stand for 3 h at room temperature, the suspension was acidified with aqueous HCl (40 mL, 2 M). The resulting yellow precipitate was filtered and washed with water and MeOH to yield a crude product, which was purified by column chromatography on silica gel using chloroform/MeOH (10:1) to give the pure product as a yellow solid. 
Procedure
UV-vis measurements
Stock solutions of APC4 and metal perchlorates were prepared as 5.0×10 -4 M and 2.0×10 -2 M, respectively, in CH 3 CN. In order to obtain the absorbance spectrum of APC4, the stock solution was diluted to 1.0×10 -4 M with CH 3 CN. Then, a 3-mL volume of a solution containing the desired amount of APC4 and metal ions was prepared. The absorbance spectra were recorded against CH 3 CN as the blank solution at the end of the completed reaction between metal ions and APC4.
Electrochemical measurements
Stock solutions of the metal perchlorates and APC4 were prepared at 2.0×10 -2 M and 5.0×10 −3 M, respectively, in CH 3 CN including 0.1 M TBAP. The electrochemical measurements were performed with an APC4 solution (1.0×10 -3 M) that included the desired amount of the metal solution. All solutions were purged with argon for 30 min before measurements, and the experiments were performed at room temperature with an argon atmosphere maintained over the solution.
Results and Discussion
UV-vis experiments
The binding behavior of the synthesized azocalix[4] arene derivative (APC4) towards the used metal ions was investigated by spectrophotometric experiments in a CH 3 CN solution. Fig. 1 shows the absorbance spectra of APC4 in the presence and absence of metal ions. In the absence of metal ions, the absorbance spectrum of APC4 has absorbance maxima located at 361 nm and 451 nm corresponding to π-π * and n-π * transitions, respectively, which are in accord with typical diazo spectra [22] . In order to obtain the affinity of APC4 for the used metal ions, the absorbance spectra of APC4 (1.0×10 -4 M) were recorded in the presence of the used Fig. 2 . The absorbance peak at 451 nm gradually decreased with increasing amounts of Mg 2+ . In addition, a clear isosbestic point was observed at 392 nm, confirming that the stable species is present at equilibrium and that a stable complex forms between APC4 and Mg 2+ . On the other hand, both the decrease and increase of the peaks plateau after addition of 50.0 equivalents Mg 2+ (purple line), after which they remained stable. The inset in Fig. 2 shows the complex stoichiometry between APC4 and Mg 2+ determined with a value of 0.99 ([Mg 2+ ]/[ APC4]) at 451 nm. On the basis of this mole-ratio value, the occurring complex mechanism was proposed as 1:1 stoichiometry.
Taking into consideration UV-vis spectra changes and the complexation ratio (1:1 stoichiometry) between APC4 and Mg 2+ ion, the nonlinear curve fitting procedure was used to determine the association constant ( a K ) by applying Eq. 1 [6, 22] .
where r indicates the added equivalents of metal ion. 
Voltammetric experiments
Chemists increasingly apply electrochemical methods to the investigation of their systems, in particular towards a better understanding of molecular properties such as molecular interaction in supramolecular chemistry [23] . In order to investigate the electrochemical behavior of the parent calixarene (C4 in Scheme 1) and APC4, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) techniques were carried out in the anodic range (0.0-2.0 V) at room temperature.
The cyclic voltammograms recorded for C4 and APC4 (1.0×10 -3 M) in CH 3 CN solution including 0.1 M TBAP have been shown in Fig. 4 . As previously reported [6, 11, 24] , and as can be seen from the inset in Fig. 4 , C4 exhibits only one peak (E / pa1 , approximately at 1.22 V) in the anodic range in organic media due to the oxidation of phenol groups at the lower rim. The voltammogram of APC4 has two irreversible anodic peaks at 1.23 V (E pa1 ) and 1.52 V (E pa2 ), as shown in Fig. 4 (solid line) . While the first peak was attributed to the oxidation of phenol in the APC4 moiety, as expected from the known electro-activity of phenols in organic media, the second peak was attributed to acetophenone groups at the upper rim of APC4. The cyclic voltammogram of APC4 was recorded in the presence of Mg 2+ (the dotted line in Fig. 4) to determine complexation behavior of APC4 with Mg 2+ . As can been seen from the voltammogram, no significant change was observed at the second peak while the first peak disappeared dramatically. In order to verify the results obtained with CV, DPV was also carried out. Fig. 5 shows the pulse voltammograms of APC4 in the absence and presence of Mg 2+ . In accord with CV measurements, APC4 exhibited two pulse peaks in the anodic range in the absence of Mg 2+ . When a differential pulse voltammogram was recorded in the presence of Mg 2+ , no significant change was observed at the second peak while the first peak disappeared, as observed with CV measurements. The change at the first peak indicates that Mg 2+ is accommodated within the region of the medium cavity of APC4 due to the interaction with phenolic groups at the lower rim of APC4 as shown in Scheme 2. This result stands in contrast to previously reported papers which indicate that the metal ions interact with the upper rim of azocalix [4] arene derivatives [6, 11] . The data obtained from the electrochemical studies corroborate the results of the spectrophotometric experiments. As demonstrated, the CV technique can be used as a cheap alternative to some methods, such as NMR, in order to carry out a structural analysis for interaction between an analyte and sensor molecule.
Conclusion
In summary, the results of the spectrophotometric and voltammetric experiments have indicated that the novel synthesized azocalix [4] arene derivative (APC4) shows excellent selectivity towards Mg 2+ among the used alkali and alkaline earth metal ions in CH 3 CN. The stoichiometric ratio and the association constant have been determined by spectrophotometric methods. A series of experiments have been carried out to obtain the structural binding properties by voltammetric techniques. Due to the simplicity, low cost and efficiency of CV and DPV techniques, and the opportunity they provide to perform structure analysis for complexation between ions and sensor molecules, these techniques can be used as powerful alternative methods. The voltammetric results show that Mg 2+ interacts with phenolic groups at the lower rim of azocalix[4]arene derivative. The electrochemical results show important structural implications for the development of new selective amperometric sensors for metal ions.
